Peak-stress zones and pressure anomalies around wellbores through moving salt bodies threaten well integrity. Our study provides a conceptual framework to identify the depth of peak zones of shear stress in moving salt sheets, whether autochthonous or allochthonous. We use analytical methods to determine the principal stress magnitudes and stress-trajectory orientations caused by ductile creep in crystalline salt. The four basic flow types analyzed are Couette, Poiseuille, no-slip squeezing, and free-slip squeezing flow. The analytical formulae specify velocity gradients, shearstress profiles, and principal stress trajectories. The analytical results are compared with detailed flow visualizations in numerical and physical models of salt tectonics to test our generic conclusions. We offer guidelines to optimize drilling operations in moving salt bodies. The study suggests that stress trajectories and zones of viscous stress peaks in salt layers should be mapped routinely during well planning, in addition to the traditional analysis of elastic stresses and safe mud-pressure windows for controlling wellbore stability.
INTRODUCTION
Extensive research on salt tectonics in recent decades has revealed that salt may migrate horizontally for hundreds of kilometers in the subsurface by a process of creeping flow. The number of studies on salt tectonics is vast, covering the geometric restoration and balancing of salt sections under lateral shortening and extension, numerical models of salt loading, laboratory modeling, and analytical models of salt dynamics. Some recent articles summarizing these topics include Dooley et al. (2009 Dooley et al. ( , 2012 , Hudec et al. (2009) , , Ings and Beaumont (2010) , Brun and Fort (2011) , Van Gent et al. (2011) , Wagner and Jackson (2011) , Albertz and Ings (2012) , Burchardt et al. (2012) , Cartwright et al. (2012) , Fiduk and Rowan (2012) , , , Rowan et al. (2012a) , and Stroczyk et al. (2012) .
Creeping salt is a potential drilling risk, and stability analysis of wellbores must consider both elastic stress (Kirsch, 1898; Zoback, 2008) and superposed salt-creep stresses. The effective viscosity of halite in rock salt ranges from 10 15 to 10 19 Pa s, depending mostly on its composition, moisture content, grain size, and temperature (Appendix 1). Rock salt can also behave as an elastoplastic solid on short time scales (10 0 to 10 3 hr) and responds elastically to a drill bit. On tectonic time scales (10 0 to 10 8 yr), salt behaves viscoelastically and deforms by crystalline solid-state creep. A systematic evaluation of viscoelastic relaxation times (Appendix 1) concludes that wellbores in salt are subjected to both elastic stresses and superposed creep stresses until elastic stresses relax. Elastic stress may become vanishingly small in less than 100 days for salt having viscosities below 10 16 Pa s and longer for salt with higher viscosity. However, viscous-creep deviatoric stresses on a wellbore will not cease as long as salt flow continues as a result of tectonic and halokinetic forces. Shear stresses caused by ductile creep in salt bodies may reach 100 MPa (14,504 psi) (see below).
This study seeks to improve drilling success and to reduce risk by quantifying the location and magnitude of shear-stress peaks in moving salt layers above subsalt targets. The salt layer can be either autochthonous or allochthonous. Wellbores and casings in salt formations are more likely to be unstable than those not in salt, as demonstrated by data from the Gulf of Mexico (Table 1) . Because drilling and completion costs account for nearly two-thirds of the costs of field development, improved understanding of stress peaks of in-salt wellbores before drilling should be cost effective. To cost-effectively exploit subsalt hydrocarbons, it is essential to improve the success rates of near-salt and in-salt wellbores by routine geomechanical analysis. The closedloop learning cycle of Figure 1 highlights the importance of predrilling modeling in optimizing well integrity and well performance.
Our study analyzes the main modes of flow in vertical sections across advancing salt sheets. These sheets move by combinations of Couette, Poiseuille, no-slip squeezing, and free-slip squeezing flow (Figure 2A-D) . In the example of Figure 2E , salt-sheet movement is driven by the differential load of onlapping Hudec, Gang Luo, and Maria Nikolinakou provided useful input for this study. Markus Albertz and Sophie Gradmann are thanked for very thoughtful reviews. Chris Parker edited the article, and Nancy Cottington drew some of the figures.
The AAPG Editor thanks Senior Associate Editor Richard H. Groshong and the following reviewers for their work on this paper: Markus Albertz and Sofie Gradmann. sediments. The salt flows by a combination of the principal flow modes, which are likely to vary across the sheet depending on the local boundary conditions. For example, near the open toe of an advancing salt sheet, an inflating, open-channel flow (Poiseuille flow) dominates. We show several further examples in our study where Couette flow is superimposed on Poiseuille flow, which occurs when a translating overburden is present. We introduce the CouettePoiseuille (CP) number to quantify the relative contributions of these end members in specific situations. Pure Couette, Poiseuille, and squeezing flows all cause shear-stress peaks at the no-slip base of a salt layer (this changes when mixed flow modes occur, as described below). At each point in the flow, the orientation of the principal stresses can be inferred in our study on the basis of the velocity gradient. The analytical expressions provided can be used to identify peak-stress zones and to estimate the range of pressure and stress anomalies that might jeopardize well integrity in natural salt basins. Theoretical calculations and their practical implications may make drilling in or near salt safer, faster, and cheaper.
This article is organized as follows. The next section highlights difficulties created by seismic depth migration in locating salt-entry and salt-exit depths of drill holes and reviews the wellbore stability challenges in salt bodies. We then proceed to analyze and quantify stresses inside moving salt sheets caused by four basic flow types: Couette, Poiseuille, no-slip squeezing, and free-slip squeezing flow. The effects of mechanical layering and power-law flow on flow profiles and shear-stress profiles are also addressed. Appendix 1 outlines salt viscosity estimates, natural creep rates, and viscoelastic relaxation times for salt wellbores. Appendix 2 introduces the CP number that expresses the relative magnitude of shear stresses caused by Couette and Poiseuille flow and comments on a recent debate regarding gravity gliding versus gravity spreading.
OPERATIONAL CHALLENGES OF SALT DRILLING
The geomechanical behavior of salt and adjacent layers is complex, affecting the location and magnitude of shear-stress anomalies. Anisotropic velocities induced by stress deviations near salt bodies cause inaccuracies in seismic depth migration. These inaccuracies are deleterious to well planning. Well stability is also a concern when drilling in and near salt * Adapted from Pritchard and Cunha (2012) . Figure 1 . Closed-loop learning cycle to optimize wells. The predrilling model improves as the performance data of the realized well(s) are analyzed and built into the well model. Wellbores in and near salt bodies are subject to unique shearstress and pressure peaks, which are systematically analyzed and evaluated in this study to improve predrilling models.
sections because of inaccurate estimates of fracture gradients and pore-pressure gradients. Each set of difficulties is briefly reviewed below as a benchmark for our analytical solutions discussed in following sections.
Depth Migration of Near-Salt and Subsalt Structures
Our study provides analytical solutions and estimates of shear stresses within salt bodies to improve the accuracy of seismic depth migration. The large contrast between the velocity of the salt and that of its encasing sediments is a source of error in imaging salt-related structures (Sayers and Herron, 2007) . Error in depth calibration of seismic data near salt bodies is known as seismic drift (Shumaker et al., 2007) . Seismic drift is the difference between the true depth of geologic reflectors and the apparent depth estimated on the basis of assumed seismic velocities. Stress increases caused by salt are mechanically similar to stress arching caused by changes in pore pressure during production (Herwanger and Koutsabeloulis, 2011) . Seismic anisotropy is a prime cause of inaccurate estimation of subsurface velocities near salt bodies (Shumaker et al., 2007) . The salt is generally assumed to be isotropic, but the surrounding sediments commonly have become anisotropic because of compaction. In the outboard part of a salt sheet, in contrast to the interior, seismic depth migration tends to cause overestimation of target depth. To accurately assess subsalt hydrocarbon prospects, improving the accuracy of subsalt imaging and depth migration is essential (Lewis and Neal, 2007) . The depth-migration error in outboard salt may lead to overestimations of gross thickness for hydrocarbon reservoirs (Shumaker et al., 2007) . Seismic drift of depth estimates in near-salt drilling targets in the Gulf of Mexico can be as great as 600 m (1800 ft). In another example, seismic target depth was underestimated by as much as 100 m (300 ft) for a 2003 North Sea well by the Dutch operator (Hoetz et al., 2011) . Because the target reservoir was deeper than estimated, the gas-bearing interval turned out to be thinner than expected (only a few meters thick), making the Rotliegende prospect subeconomic. This unexpected result meant that the thinner reservoir was technically a dry well (Hoetz et al., 2011) . Increase of seismic velocities and underestimation of the target depth was positively correlated with salt welds, which caused stress anomalies responsible for the seismic velocity anomalies (Hoetz et al., 2011) . Stress anomalies near the base of creeping salt that may cause substantial seismic drift are modeled in our study.
Wellbore Stability in Salt Formations
Two critical assumptions commonly made in previous salt-wellbore stability analyses need revision. One such assumption (dating from Cheatham and McEver, 1964) is that stress within a salt body is virtually isotropic. Only minor differences (as much as 20%) between the two horizontal stresses have been considered in estimating borehole stresses (Carcione et al., 2006) . This is because salt is commonly assumed to be a viscous fluid incapable of sustaining shear stress and, therefore, having equal vertical and horizontal stresses. However, viscous stress relaxation of salt in tectonic motion is retarded by salt viscosity. The viscosity of salt is at least 15 orders of magnitude stiffer than that of common liquids like oil and water (Appendix 1). Moving rock salt generates viscous stresses that do not vanish as rapidly as they would in less viscous fluids. Wellbore stability calculations for any borehole through geologically flowing salt should therefore include viscous stress differentials.
Another common assumption is that the porepressure parameter in wellbore stability equations for the salt interval is assumed to be equal to the overburden gradient (Willson and Fredrich, 2005) . In thicker salt, this is taken as a linearly increasing average between the pore pressure in the sediment just above the salt body and that below the salt body (Zhang et al., 2008) . This assumption is made because salt has an occluded porosity of brine-filled pores of less than 1% (Dusseault et al., 2004) , which makes rock salt effectively impervious. Wellbore engineers tend to estimate the vertical pore-pressure gradient across the salt sheet, using a simple linear interpolation between the predicted pore pressures directly above the salt and those beneath the salt. However, the impervious salt cannot communicate any pore pressure to the fluid in the wellbore (Rios and Roegiers, 2012) . Therefore, formation fluid cannot transfer the overburden load directly to the wellbore fluid. Instead, flowing rock salt closes the annulus around cased wellbores and pressurizes an open wellbore that needs to be balanced by a mud pressure. Any mud pressure in the wellbore will be enhanced by salt flow. Classical equations of wellbore stress must consider salt-creep pressure on the wellbore. Neglecting this effect may lead to unintended overbalancing of the wellbore fluid, potentially to the point of critical fracture pressure. The result is a costly loss of drilling mud. Unless salt-flow rates are well constrained, there is no way to make informed predictions about the mud pressure required to balance wellbores in such salt sections. The magnitude of this normal stress can be computed from solutions of the stream function using time-dependent coordinates of the shrinking wellbore .
DEVIATORIC STRESS IN MOVING SALT SHEETS HAVING CONSTANT THICKNESS
In predrilling assessments of wellbore stability in salt, in-situ stress is commonly assumed to be equal in all directions. Horizontal stresses are expected to be equal to overburden weight, if the Poisson ratio effect is ignored (e.g., Cheatham and McEver, 1964; Perez et al., 2008) . In this section, we argue that salt sheets flowing down the continental slope are not in an isotropic state of stress. Natural salt sheets typically advance at rates between 1 and 10 km ð0.62-6.2 miÞ∕m:y: (Appendix 1). This flow is driven by shear stresses that must be accounted for in wellbore stability analyses and in seismic depth migration.
To develop analytical solutions for the location and magnitude of shear-stress peaks, we first consider Couette flow and Couette-Poiseuille flow in salt layers buried beneath sedimentary overburdens typical for the slopes of divergent continental margins ( Figure 3A , B). The Couette flow has no slip at the base of the salt and no slip against the sedimentary overburden. The overburden is gravitationally carried outward in the hanging wall of an extensional listric fault ( Figure 3A) . The Couette-Poiseuille flow region has a similarly moving upper boundary, but an additional pressure force from a sinking graben superposes Poiseuille flow onto the Couette flow ( Figure 3B ). Each type of flow is analyzed in the following sections.
Couette-Flow Model
For Couette flow ( Figure 4A ), salt rheology is assumed to be Newtonian, viscous, and incompressible, so we neglect any depth-related density changes. No slip exists at the top and bottom boundaries. The bottom is stable [U X ðyÞ = 0 for y = −h]. The overburden moves at a velocity [U X ðyÞ = U XTOP for y = þh], where U is the velocity. The position of the X axis of the Cartesian coordinate system is fixed halfway up in the salt layer, parallel to its upper and lower boundaries. By contrast, the Poiseuille flow is symmetric about the centerline of mid-depth flow. Analytical descriptions for Couette flow on the basis of Navier-Stokes equations exist in numerous textbooks on fluid mechanics (e.g., Krause, 2005; Drazin and Riley, 2006; White, 2011) . The preferred stream function representation is The velocity profile is given by U X ðyÞ = δΨ∕δy and U Y ðxÞ = −δΨ∕δx, which, applied to equation 1, gives
The velocity, U X ðyÞ, in the shear flow ( Figure 4A ) relates to the shear stress τ XY by the engineering shear rate (δγ∕δt) and the effective viscosity, η eff :
No gradient of τ XY ðyÞ exists in the Y direction, and for −h ≤ y ≤ þh, the shear-stress magnitude is given by
which is independent of position on the Y axis (see Figure 4B ). Zero pressure-head gradient occurs-a unique aspect of pure Couette flows. Effective viscosity (η eff ) can be estimated from constitutive equations for each salt layer (Appendix 1). The equations consider the important effect of reduced grain size. Extrapolations of salt viscosity on the basis of such analytical flow laws for diffusion creep, solution-precipitation creep, and dislocation creep generally range from 10 12 Pa s (Ter Heege et al., 2005a) to 10 20 Pa s (van Keken et al., 1993) . Estimates of rock salt (halite) viscosities on the basis of field observations vary widely from one salt basin to another (e.g., Odé, 1968; Talbot and Jarvis, 1984) and even between structures in a single basin (Weinberger et al., 2006; Mukherjee et al., 2010) . However, they generally range from 10 17 to 10 20 Pa s. Experimental and field estimates of viscosity differ because the scales of length and time vary (Wagner and Jackson, 2011 ; Appendix 1, Table 3 ). Additionally, anhydrite and carbonate impurities increase the effective viscosity of natural rock salt (Price, 1982; Jordan, 1987) .
We initially assume a homogeneous and timeindependent viscosity for the salt body. However, the shear stress inside low-viscosity layers drops in proportion to the decrease in their effective viscosity. The layering of viscosity can be readily accounted for by applying the equations for anisotropic viscous flow (Weijermars, 1992) . Assuming timeindependent (Newtonian) viscosity implies that, for a salt layer of particular thickness (2 h) and a particular viscosity (η eff ), shear-strain rate may vary only as a result of changes in the top-boundary velocity (U XTOP ), as a consequence of equation 4. The factors controlling U XTOP are rooted in geological processes such as sedimentation rate, internal salt flow, and frictional strength of the overburden rocks (Gemmer et al., 2004) . Continental slope tilt adds an additional gravitational force (ρgh OVERBURDEN ), which adds lateral forces on the stretching salt layer (Appendix 2). Figure 5 shows synthetic velocity profiles for U XTOP , ranging from steady-state and normal distribution to a left-tailed skewed distribution. Steady state ( Figure 5 , curve B) would apply if an overburden was set into motion nearly instantaneously during rapid listric faulting ( Figure 3A) . The normal and skewed velocity profiles assume gradual velocity buildup and decline. Some data support curves C and D for salt-tectonic models and in the East Texas Basin (Vendeville et al., 1993; Jackson et al., 1994; Schultz-Ela and Walsh, 2002) . Curve E is supported by our analytical model of salt-sheet-thinning rates (see later analysis). However, the data on strain-rate variation over time are too sparse to generalize. . Synthetic plot of lateral overburden displacement versus time. Curve A changes too abruptly for natural overburden motion above salt layers. Curve B is a steady-state displacement rate, which is intuitively unlikely in nature over geologic time. Curve C is a normal distribution of displacement rate. Curves D and E are right-and left-skewed distributions of displacement rate.
Besides, peak stresses in natural salt deformation may well follow different paths in different regions.
Examples of how Couette-flow profiles evolve together with stress peaks corresponding to the peak-rate curves B, C, and E are highlighted in Figure 6A -C. These plots are diagrammatic but can be easily scaled for particular cases. The capability to pinpoint if the phase of salt-sheet deformation is before, during, or after the stress-peak time would be useful. This ability would alert drillers for stress peaks in creeping salt sheets as enlarged further in discussion and conclusion sections.
Case Study Couette Flow Model
For Couette flow, principal stresses in the salt layer are everywhere at 45°to the salt boundaries ( Figure 7A ). The principal deviatoric stresses τ 1 and τ 3 are fixed at 45°to the shear-stress direction; their orientation is unaffected by changes in flow rate (e.g., Weijermars, 1991) . The absolute magnitudes of principal stresses and shear stresses vary with flow rate and are controlled by velocity of the top boundary.
In a salt layer of thickness 2h = 100 m, effective viscosity η eff = 10 18 Pa s, and U XTOP = 1 km ð0.62 miÞ∕m:y: (or 1 mm ð0.04 in:Þ∕yr), the shear stress is 0.3 MPa (43.5 psi) (equation 4). This would be a negligible stress level for boreholestability analysis. However, thinner salt layers (10 to 100 m; 33 to 330 ft) of higher viscosity (∼10 19 Pa s) resulting from anhydrite impurities or coarse grains would generate peak shear stresses of 3 to 30 MPa (435 to 4351 psi) for the assumed top velocity U XTOP . Differential stresses inferred from paleopiezometry on subgrains from naturally deformed salt diapirs range from 1 to 10 MPa (145 to 1450 psi) (1 to 2 MPa (145 to 290 psi) in Carter et al., 1993; Schoenherr et al., 2007; 5.6 MPa (812.2 psi) in Ter Heege et al., 2005a; and 7.3 MPa (1058.8 psi) in Weinberger et al., 2006) . Equivalent stresses in subaerial salt glaciers are less than 1 MPa (145 psi) on the basis of paleopiezometry and calculations of gravitational shear stress Talbot and Pohjola, 2009) . These data do not preclude higher stresses in natural salt sheets in active flow at times of peak stress, especially where geological restorations suggest fast overburden velocities U XTOP . Moreover, paleopiezometry provides only a minimum estimate for the differential stress because of the short strain memory (Appendix 1). Applying equation 4 to evaluate shear stress on a vertical wellbore through a thin halite layer (2h = 30 m; η eff = 10 18 to 10 19 Pa s) in Couette flow mode during tectonic peak rates (U XTOP = 5 mm ð0.2 in:Þ∕yr), we conclude that the shear stress on the wellbore might reach approximately 5 to 50 MPa (725 to 7252 psi). The well casing would be subject to additional shear stress from torque imposed by differential displacement between the top and base of the salt and should be designed to withstand such shear-stress peaks.
Most wellbore stability analyses consider only differential stresses normal to a vertical wellbore so as to estimate the potential width of wellbore breakout zones (Zoback, 2008) . A vertical wellbore penetrating a Couette flow will have no shear stress normal to the drilling direction. The Couette shear stress would thus remain unaccounted for in horizontal sections used for wellbore analysis. Such an incomplete assessment is risky because a wellbore could shear off as a result of the shear stress induced by ductile-flow gradients in the vertical plane ( Figure 7A ).
Many other factors affect well design, but to minimize shear stresses on the wellbore and any casing, the drill string should ideally be aligned with τ 1 ( Figure 7B ). In this orientation, the shear stress, τ XY , on the borehole wall vanishes, and only a normal stress equal to τ 3 is exerted on the wellbore. The magnitudes of the principal stresses, τ 1 and τ 3 , follow directly from τ XY , which in plane-shear flow equals τ 1 = −τ 3 = τ XY . In Couette flow, τ 2 remains 0 (normal to the plane of view in Figure 7B ). Thus, shearoff risk for drill string and casings can be mitigated by aligning wellbores with τ 1 . In the vertical plane, τ 1 is at an acute angle of 45°(dipping in the downstream direction of salt flow) to the upper boundary of the salt body, provided the flow is mostly Couette. Drilling at an angle of 45°as opposed to vertical increases the well cost by a factor of 1.4 because of the longer well trajectory, but it may make the well safer.
Couette-Poiseuille Flow Model
For many natural salt sheets, Couette flow is an inadequate description because lateral pressure gradients superpose a Poiseuille flow component ( Figure 3B ).
The relative importance of the shear stresses during Poiseuille flow and Couette flow depends on the relative magnitude and sign of the pressure differential ΔP, which drives Poiseuille flow, and U XTOP , which drives Couette flow.
First, consider pure Poiseuille flow ( Figure 8A ). A nonzero flow component U X ðyÞ exists only in the X-direction, with no slip at the upper and lower boundaries, so that U X ðyÞ = 0 at y = AEh. The Poiseuille velocity profile is given by (e.g., White, 2011)
Equation 5 includes the pressure differential (ΔP = P 1 − P 2 ) over a certain horizontal distance (L) of the salt sheet. The maximum velocity is at y = 0 and is given by U XMAX = ð1∕2η eff ÞðΔP∕LÞh 2 . The salt sheet is again assumed to have uniform effective viscosity and constant density (incompressible flow). The effect of power-law salt rheology on the Poiseuille flow profile is assessed in the section on mechanical stratigraphy.
The Poiseuille shear-stress profile is given by
Shear stress is positive when a salt bed is accelerated in the positive X-direction with respect to a bed below. Shear stress is negative when it retards the higher bed. An interesting attribute of equation 6 is that shear stress depends on the pressure, but not the viscosity. The salt viscosity appears in the velocity expression (equation 5) but vanishes in the shearstress expression (equation 6) because the pressure gradient already accounts for the viscous forces controlling the lateral rate of the pressure drop.
Shear stress reaches a maximum negative value at y = þh of −ΔPh∕L and a maximum positive value y = −h of ΔPh∕L. Estimates of the shear-stress maxima for Poiseuille flow in salt sheets require estimates of the pressure gradient, ΔP∕L. Stratigraphic cutoffs against natural salt sheets indicate lateral displacement rates on the order of 1 to 10 km (0.62-6.2 mi)/m.y. This range provides a generic estimate for U XMAX , which, in turn, gives a field estimate for ΔP∕L = ðU XMAX ∕h 2 Þ2η eff . Assuming a salt viscosity of η eff = 10
19 Pa s, a salt thickness of 2h = 200 m (656.17 ft), and the observed U XMAX = 1 km ð0.62 miÞ∕m:y:, the pressure gradient is ΔP∕L = 0.1 MPa∕m (14.5 psi∕ft). The maximum shear stress at the base of the salt in pure Poiseuille flow ( Figure 8A ) follows from equation 6, which for y = −h = −100 m and ΔP∕L = 0.1 MPa∕m (14.5 psi∕ft) gives 10 MPa (1450 psi). For salt sheets advancing at 10 km ð6.2 miÞ∕m:y:, the shear-stress maximum is 100 MPa (14,504 psi).
Those shear stresses are significant for borehole stability analysis.
The compounded Couette-Poiseuille shear stress on the base of a salt sheet scaled by the relative strength of the pressure gradient −ΔP∕L (the negative sign accounts for negative slope of the pressure gradient when P 1 > P 2 ) relative to U XTOP ( Figure 8C , D) is derived below. For salt sheets in Couette-Poiseuille flow mode, the shear stress of the superposed Couette flow must be added to the overall shear stress at the base of the salt. The total velocity profile in superposed Couette and Poiseuille flows follows from the sum of equations 3 and 5:
Likewise, summing equations 4 and 6 yields a shear-stress profile for composite Couette-Poiseuille flow:
The corresponding shear-stress profiles are included in Figure 8B -D. The isotropic plane separates a lower salt section from an upper salt section having opposite shear-stress directions. This isotropic plane moves up or down depending on the relative strengths of Couette flow and Poiseuille flow. The isotropic surface coincides with the upper boundary of the salt layer when the upper boundary is one of open-channel flow ( Figure 8D ). The isotropic plane is lowest when the pressure gradient counters the Couette flow ( Figure 8D ). The most common situation in moving salt sheets will be as scaled in Figure 8B , with the isotropic plane located somewhere above the median of the salt layer (see case study in the next section).
At the base of the salt, at y = −h, equation 8 simplifies to
Substituting ΔPh∕L = 2U XMAX η eff ∕h provides a practical expression for estimating shear stress at the salt base from parameters measurable in tectonic reconstructions:
If the Couette and Poiseuille flow velocities are all positive, the shear stress will peak at the base of the salt layer (cf., Figure 8B) ; the maximum shear stress over time can be constrained by equation 9b using estimations of U XMAX (Poiseuille contribution) and U XTOP (Couette contribution) based on tectonic reconstructions, physical laboratory models, and numerical simulations. For a salt sheet of h = 100 m (328.08 ft) having an internal flow rate U XMAX = 1 km ð0.62 miÞ∕m:y:, an overburden velocity U XTOP = 1 km ð0.62 miÞ∕m:y:, and effective viscosity of η eff = 10 19 Pa s, the shear stress at the salt base is estimated as ð10 þ 2.5Þ = 12.5 MPa (1813 psi). For thinner salt sheets (e.g., 2h = 30 m), the total stress is ð50 þ 8Þ = 58 MPa (8412 psi).
For flow on an inclined plane, Appendix 2 summarizes the effects of tilting and different overburden thicknesses on flow of salt sheets. For gently sloping, long (2h∕L → 0) salt sheets of thickness 2h below thicker overburdens of thickness HðH∕h ≫ 1Þ, Couette flow dominates over Poiseuille flow (see in Appendix 2, Figure 29 ). The depth of the isotropic plane in the salt layer can be determined from the Couette-Poiseuille (CP) number (equation 27, derived in Appendix 2), which is the ratio of shear stresses induced by Couette and Poiseuille flow. For CP = 1, the flow profile is identical with that of an open-channel flow ( Figure 8D ) with the isotropic plane along the no-slip top surface (at y = h). This flow profile increases shear stresses at the base of the salt layer ( Figure 8D ). The magnitudes of the shear stress can be constrained using equation 9b. For CP = 0, no Couette contribution occurs, and the isotropic plane coincides with the horizontal centerline of the salt sheet (at y = 0, see Figure 8A for coordinates). For CP between 0 and 1 ð0 < CP < 1Þ, the depth of the isotropic plane is given directly by y = CPðhÞ (measured upward from the centerline). For CP larger than 1ðCP > 1Þ, there will be no isotropic plane; salt directly below the overburden will have a net shear stress larger than 0.
Case Study Couette-Poiseuille Flow Model
The Couette-Poiseuille flow profiles of Figure 8C and D reflect the relative importance of the two flow components and can be used to interpret the effects of positive and negative pressure gradients ΔP relative U XTOP . We use a numerical study by Schultz-Ela and Walsh (2002) to demonstrate the principle. A deformed passive grid illustrates the net flow displacement as a result of the superposed effects of ΔP and U XTOP . The model snapshot in Figure 9A -C illustrates active flow. The Poiseuille contribution vanishes where ΔP = 0 but affects the flow where ΔP is either positive (green bars) or negative (red bars). Positive pressure gradients dominate, but negative gradients occur where the salt thickens in reactive diapirs below the overburden grabens.
Determining the depths at which shear stress reverses direction in the salt sheet ( Figure 10A ) is relevant for drilling. The stress reverses across the isotropic plane. The two principal stress axes are consistently at 45°to the flow direction. However, in the vertical plane, the principal stresses, τ 1 and τ 3 , created by viscous forces switch through 90°across the isotropic plane ( Figure 10A , right panel).
To reduce shear stress on the wellbore casing, the wellbore trajectory should ideally be redirected where it crosses the isotropic plane ( Figure 10B ). Couette flow superposed by overburden gliding on a gently tilted basal salt layer is common in nature (Appendix 2). This superposition enhances shear stresses near the base of the salt sheet (Figures 8C, D; 10A, B) .
In flows dominated by Poiseuille flow (0 < CP < 1), the borehole should ideally curve across the plane of shear-stress reversal. Aligning wellbores parallel to τ 1 minimizes the risk of shearing drill string and casings ( Figure 10B ). For Figure 8 , the angle of the drill string should be a mirror image of Figure 10B . Again, the depth of the isotropic plane is given directly by y = CPðhÞ (valid for 0 < CP < 1, measured upward from the centerline).
SQUEEZING FLOW IN SALT SHEETS
In contrast to the situation assumed in previous sections, salt sheets having an extrusive outlet will become thinner during flow. Thinning of salt layers can be inferred from structural restorations of seismic depth sections. Salt thinning entails a type of flow different from Couette or Poiseuille combinations. Flow of a thinning salt layer can be modeled using modified analytical expressions for compression molding and radial extrusion of fluid squeezed between two parallel discs. Such radial compression molding has been modeled analytically for Newtonian fluids (e.g., Jackson and Symmons, 1966) and power-law viscous rheologies (e.g., Winter, 1975) . The Newtonian solution of Jackson and Symmons (1966) has been applied to estimate thinning rates in welding salt sheets (Wagner and Jackson, 2011) .
Here, we introduce original solutions for two-dimensional planar viscous flows squeezed between parallel plates for two distinct cases: inviscid free-slip flow and viscous no-slip flow. Inviscid freeslip flow is a justifiable assumption for cases where boundary sliding is facilitated by a detachment fault over a low-viscosity salt layer such as carnallite or sylvite, with viscosities seven to nine orders of magnitude smaller than in halite (see Appendix 1, Table 3 ).
Inviscid Solution Squeezing Flow
The inviscid solution for squeezing salt flow is calculated on the basis of a stream function for pure shear flow derived by Weijermars (1991) :
with pure shear-strain rate _ e XX = _ e 1 = τ 1 ∕2η. The reference frame is fixed along the centerline of the flow, centered on the stagnation point (where flow is zero in the frame of reference). Perfect lubrication is assumed at the top and bottom boundaries of the salt ( Figure 11A ). The velocity profile of the lubricated flow is given by
The corresponding velocity field is given in Figure 11A (modified from Weijermars, 1998, their figure 13-3). A coordinate system midway in the flow, centered on the stagnation point, means that the upper and lower boundaries of the salt sheet move with equal velocity toward each other. The convergence velocity, U Y , remains steady when the strain rate _ e XX ðtÞ declines as follows (Weijermars, 1993, their equation 8b) : _ e XX ðtÞ = _ e XXð0Þ ∕½1 þ ð_ e XXð0Þ tÞ
The boundary condition at the X-axis is U X = ð_ e XX Þx and U Y = 0, and at the Y-axis U X = 0 and U Y = −ð_ e XX Þy. Note that the extension rate _ e XX leading to the positive stretch in the X-direction is also positive. This is counter to a common notation in structural geology but follows the sign conventions common in material science and fluid mechanics. (B) Proposed well path to minimize saltshear stresses on the wellbore in shear zones at salt interfaces of free-slip squeezing flow. Stresses in free-slip zone increase in the extensional flow direction of the salt sheet. Pure shear-strain rate (and associated stress magnitude) in the main salt body is spatially constant at any given time but increases exponentially as salt thins, assuming a constant thinning rate (cf., Figure 11B ). equation 14a-c). Figure 11B plots the proportional increase of the length of the salt sheet (stretch), which is the inverse of the thinning. When 95% of the time needed to reduce the salt layer thickness to zero (using a constant convergence rate) has passed, the salt-sheet thickness is reduced to 5% of the original thickness. If the thinning velocity is constant, the strain rate should increase proportionally to the stretch (Weijermars, 1993 , their equation 11).
Case Study: Inviscid Solution Squeezing Flow
For inviscid squeezing flow, the main salt body has no stress gradients ( Figure 12A , central panel), but shear stress will be high in the inviscid or low-viscosity boundary layer. High shear in a boundary layer lubricated by a viscous silicone with a mechanical anisotropy is visualized in the physical model of Figure 13 . The boundary region of a massive salt sheet can be approximated by such a low-viscosity zone, in regions where the salt contacts are lubricated by a low-viscosity evaporite layer (such as sylvite, see Appendix 1, Table 3 ). Squeezing flows may result in very fast thinning of salt accompanied by high shear stresses in closing salt welds (Wagner and Jackson, 2011) . Vertical wellbores through such boundary zones will be subjected to high shear stresses that increase in the downstream direction of the flow. Additionally, any free-slip or low-viscosity boundaries of squeezing flows will displace and shear wellbores ( Figure 12A) . Eventually, the shear stresses could exceed any casing strength. Figure 12B highlights shear-stress concentration in the salt entry and exit zones during free-slip squeezing flow in salt sheets. The shear-stress levels for the low-viscosity boundary layer (facilitating near-inviscid flow for the main body) as a result of mechanical layering can be quantified (see discussion on anisotropy effects).
Casing may prevent ductile closure of wellbores, but differential strain rates of any free-slip shear concentrated in zones at the top and base of salt sheets could lead to failure of the wellbore casing. These forces increase toward the distal end of a spreading salt sheet. Thus, drilling into free-slip shear zones at the top and base of salt sheets and salt welds should be avoided. Once a hole is cased, streamlines in the horizontal plane around a vertical wellbore will follow a Stokes flow pattern. Drag forces on the wellbore casing in the horizontal section resulting from flow around a vertical wellbore are evaluated in a companion article (Weijermars et al., 2014) .
Boundary Layers in Thinning Salt Sheets
Mylonitization could create low-viscosity boundaries in salt sheets, but in general, a no-slip boundary is realistic. The perfectly lubricated salt-sheet extrusion of equation 10 can be transformed to a no-slip boundary condition and can account for the buildup of a parabolic flow profile by the following reasoning. Figure 14 shows the effect of a no-slip boundary condition and boundary layer formation. For a no-slip condition, the extrusion flow profile becomes a hyperbolic curve ( Figure 14A, B) . The total volume of the displaced incompressible salt remains constant. Therefore, the mean velocity (U XMEAN ) for the inviscid extrusion flow is still valid for no-slip viscous flow, which has a parabolic profile. The maximum velocity at the center line of the hyperbolic flow profile in Figure 14C is given by (cf., Krause, 2005) U XMAX = ð3∕2ÞU XMEAN (14) valid for y = 0 with boundary condition U X = 0 for y = AEh. In contrast to the inviscid flow, the U XMEAN does not vary in the X-direction; every vertical section at a given stage of the squeezing flow gives the same instantaneous velocity profile.
The difference between the inviscid and viscous flow profiles is highlighted in Figure 15A -C. Only the instantaneous velocity components U X are shown, but U Y is not zero inside the thinning viscous salt sheet of Figure 15B . For such cases, total velocities will be affected by the full suite of vorticity numbers that fix the orientation of the principal stresses (Weijermars 1991 (Weijermars , 1992 (Weijermars , 1997 (Weijermars , 1998 , occurring at various depths between −h t < y < h t , with h t denoting a certain thickness h at time t.
The viscous flow profile for U X ðY; tÞ is given by the conditions of no-slip boundaries and incompressibility (volume conservation fixes U X = 0 for y = AEh and at y = 0); we have U XMAX = ð3∕2ÞU XMEAN . The complete solution for the flow profile for the horizontal velocity component U X is now given by (for −h t < y < h t ) U X ðy; tÞ = −ðτ XY ∕2ηÞ½ðh 2 ðtÞ − y 2 ∕h ðtÞ
with h ðtÞ = h 0 expð−_ e XX tÞ. The shear-stress profile is given by τ XY ðy; tÞ = −½U X ðy; tÞ2ηh ðtÞ ∕ðh 2 ðtÞ − y 2 Þ
The maximum shear stress, τ XYMAX ðtÞ, at the top and base of the viscous squeezing flow, [y > AEh ðtÞ ] can now be formulated (in analogy with equation 9b) as a function of U XMAX ðtÞ: The shear stresses are mapped for different stages as the salt sheet thins ( Figure 16A, B) . Shear stress does not increase in the flow direction. The principal stress trajectories for a no-slip squeezing flow are included in Figure 16C . These results are particularly applicable to salt welds, where salt sheets become extremely thinned Wagner and Jackson, 2011) . The shear-stress magnitude and effect of power-law rheology on the no-slip squeezing flow profile are discussed below in our study. Figure 17 shows no-slip squeezing flow in a physical model of multilayered salt. The shear-stress peak in the individual layers at any one time can be determined from equation 17. For example, if the model is scaled back to nature and we assume a salt viscosity of 10
Case Study: Viscous Solution Squeezing Flow
19 Pa s, maximum velocity in the center of the flow U XMAX = 10 km ð6.2 miÞ∕m:y: For a salt thickness [h ðtÞ ] of 60 m, the shear-stress maximum at the upper and lower boundaries of flow is 100 MPa (14,504 psi). For less-viscous salt of 10 18 Pa s, the shear stress drops to 10 MPa (1450 psi). Shear-stress peaks of 10 to 100 MPa (1450 to 14,504 psi) can be expected at no-slip boundaries of salt sheets in squeezing flow. Figure 18A shows a numerical model of a salt body loaded at the rear end by prograding sediment. This differential load causes a squeezing flow in which salt accelerates and then decelerates toward the toe of the salt body ( Figure 18B ). The shearstress profile in any section normal to the approximate symmetry axis of the flow profile is given by equation 16. Shear stress is zero at the isotropic surface (dashed) normal to the plane of view. The no-slip squeezing flow is maintained by a pressure gradient as a result of the differential overburden load. This flow may be reinforced by additional salt forced from a narrowing feeder ( Figure 18C ). The additional supply of salt from the feeder increases shear stresses at both the upper and lower boundaries of the salt sheet.
Natural salt sheets that thin by no-slip squeezing flow would have shear-strain rates that increase with time ( Figure 16A-C) , assuming a Newtonian viscosity and a constant thinning rate. Assuming a vertical thinning driven by the load of the overburden, after initially increasing, strain rates will reach an equilibrium expressed by
Evaluation of equation 18, using realistic parameters for ρ OVERBURDEN (density of the overlying sediments), g (gravity), H (overburden thickess), and η eff (effective salt viscosity) fixes _ e XX and enables estimation of the maximum normal stresses in specific natural examples of no-slip squeezing flow in salt sheets.
Shear stress is highest at the top and base of salt sheets deforming by no-slip squeezing flow. Drilling into salt welds imposes additional drilling risks because of very high shear stress in salt evacuating from an incomplete salt weld. Such near-welds may undergo active no-slip squeezing flow. Wellbores through them may move out of their initial trajectory, risking a stuck pipe. The damaging effect of such shear stresses on wellbores can be minimized by aligning wellbores with τ 1 . Thus, in salt sheets where thinning is dominated by no-slip squeezing flow, boreholes should ideally curve across the central plane of shear-stress reversal (Figure 19) . Ductile salt will tend to flow into any new wellbore. The wellbore will close rapidly as a result of horizontal squeezing flow and a superposed sink flow into the wellbore (driven by the lithostatic pressure). The viscous closure of open wellbores is assessed and quantified by Weijermars et al. (2013) . Wellbores will close asymmetrically when geological flow is fast enough to impose a Rankine flow pattern on the sink flow. The Rankine flow is the result of a geological creep flow, which is affected by a newly drilled wellbore that induces a superposed sink flow. Figure 18 . Examples of squeezing flow as a salt sheet is loaded by a sedimentary wedge. The base of the wedge is a no-slip boundary for the squeezing flow. The squeezing flow of the salt inflates the toe of sheet on the right. Locations of maximum velocity in a deformed grid of passive markers connect a surface of zero shear stress, which is the isotropic surface. Case (C) has a thinning feeder that expels salt and inflates the salt sheet. The horizontal length of the model box in (A) and (B) is 10 km (6 mi); and 14 km (8.7 mi) in (C). Modified from GEOSIM-2D finite-element model in the study by R. Mann (1998) 
RHEOLOGY EFFECTS ON SALT-SHEET FLOW Mechanical Stratigraphy
Salt bodies may be composed of pure halite or have intercalations of other evaporites (anhydrite, gypsum, bischofite, carnallite, sylvite, or tachyhydrite) and other sedimentary rocks (typically carbonates or shales). Even when a salt body consists almost entirely of halite, the most active flow is typically in internal shear zones . These consist of halite mylonites, where large grain-size reductions reduce the effective viscosity (Talbot 1981; Schléder and Urai, 2007; Desbois et al., 2010) . Because decreasing the grain size for solutionprecipitation creep lowers the effective viscosity by a power of 3, such mylonite zones form much weaker layers, where strain is concentrated. Consequently, the two sources of mechanical stratigraphy in salt bodies are compositional layering changes (sedimentary origin) and grain-size reduction zones (strain-rate controlled) or a combination of both.
The occurrence of prominent mechanical stratigraphy varies in natural salt sheets. For example, the Messinian evaporite sequence in the eastern Mediterranean is prominently stratified in seismic sections (Figure 20) . Individual layers show different deformation styles and strain intensity (Cartwright et al., 2012) , confirming the presence of a mechanical stratigraphy. The Louann Salt in the Gulf of Mexico is in a much more complex setting. The salt appears mostly homogeneous in seismic sections, but it has been contaminated by assimilating and dismembering siliciclastic suture zones and is partly homogenized by extensive flow mixing. A full spectrum of deformation styles is visible in the Aptian evaporites of the Santos Basin in offshore Brazil (Fiduk and Rowan, 2012) .
An earlier analytical model of ductile flow in anisotropic rocks showed that low-viscosity layers locally increase the rate of shear (Weijermars, 1992) . The increase of shear-strain rate for a relatively thin low-viscosity layer is dependent on its anisotropy factor, δ:
with normal viscosity η N and shear viscosity η S as defined in Figure 21A . A larger anisotropy factor δ will enhance the shear stress, τ XY , effectuated by a bulk principal stress, τ 1 , oriented with angle, ξ to the transverse layering ( Figure 21B ) as follows (Weijermars, 1992) :
For a bulk simple shear (ξ = π∕2), the shearstrain rate increases fastest for any given δ because τ XY peaks for such orientations (Weijermars, 1992) . The most notable anisotropy effect is for slightly tilted layers with a large δ subjected to a vertical load; the load force converts to high effective shear stress ( Figure 21B ). The anisotropic layers, therefore, flow at various speeds, which, for a given ξ, is exclusively determined by δ. This mechanism is complex but Figure 19 . Proposed well path inclination to minimize shear stresses imposed by salt undergoing squeezing flow between no-slip boundaries. The salt flows toward the right. Stresses do not change toward the distal end of the salt sheet squeezing direction. However, stress magnitude rises exponentially with time, assuming steady-state thinning of salt, which controls stress level in a given viscosity.
relevant to understanding how shear stress increases in salt layers having anisotropic rheology. In effect, the entire overburden load is absorbed in the layer with the highest anisotropy factor and will deform with a shear-strain profile like that in Figure 13 . The shear-stress peaks in such layers can be minimized by aligning wellbores with τ 1 inside the salt layer. Salt-shear zones therefore should ideally be crossed at 45°to the anisotropy, but the clockwise or counter-clockwise direction of this angle depends on whether such anisotropy layers are below or above the isotropic plane (Figure 19 ).
Power-Law Flow
In the preceding analysis, Newtonian isotropic and anisotropic viscosities were considered. If the viscosity is non-Newtonian (power law), the flow profiles and the shear-stress profiles of such flows are different from the Newtonian flows. Power-law fluids have stress-dependent effective viscosity (Appendix 1). Pressure-driven flows (Poiseuille flows and no-slip squeezing flows) in salt bodies have narrow boundary layers of lowered effective viscosity. These are precisely the zones where shear stresses are highest. As The principal stress orientation at the upper boundary of the salt is fixed at ξ. The methodology to compute the refraction angle of the principal stress inside the multilayer has been given in Weijermars (1992) . Bulk normal viscosity η N and shear viscosity η S are oriented as indicated and define the anisotropy factor, δ (for the case illustrated δ = 4; see Weijermars, 1992) . (B) Graph showing the sensitivity of shear stress in anisotropic salt layers as a function of principal stress orientation, ξ, and anisotropy factor, δ.
the power-law exponents increase, shear flow occurs in progressively narrower zones (Figure 22 ). The viscosity becomes progressively lower in the boundary zones of the moving salt sheet if the power of its flow law is higher (this is the shear-thinning effect graphed in Appendix 1, Figure 26) . A salt sheet flowing between two solid boundaries will develop flow profiles for no-slip squeezing flow (Figure 22 ). Salt sheets in such flow modes resemble a free-slip squeezing flow profile ( Figure 12A ). Despite the similar profiles, the stress patterns for the Newtonian free-slip and no-slip squeezing flow are very different (compare Figures 12A, 16A-C) . A Poiseuille flow profile for a power-law fluid having a stress exponent, n = 25, is not much different from n = ∞, in which a rigid body translates between two very narrow boundary zones of perfect plasticity. To select the optimum drilling plan, it would be helpful to establish in natural salt sheets the relative contribution by Newtonian creep and power-law creep. In natural salt sheets, these flow mechanisms probably operate together (Appendix 1), but such studies are still in their infancy. Drilling engineers should watch for high heat-flow anomalies below thin salt layers. These anomalies will soften the salt (Appendix 1, Figure 26 ), leading to flow concentration and high shear strains in the softened zones.
DISCUSSION
Our suggested drill-hole trajectories to exploit different types of internal flow are conjectural. However, our shear-stress estimates are based on accurate analytical solutions, subject to certain assumed boundary conditions and material properties. The shear-stress profile for Couette flow is given by equation 4, for open-channel (Poiseuille) flow by equation 6, for composite CouettePoiseuille flow by equation 8, and for viscous squeezing flow by equation 16. In natural salt sheets, variations in boundary conditions, material properties, and physical conditions may cause large variations in shear-stress peak locations and magnitude. For example, boundary-parallel shear stresses may be concentrated by anisotropy fabrics as governed by equation 20. Additional present-day creep data from natural salt sheets are needed to improve our shear-stress estimates.
The vertical pressure gradient inside a salt layer of finite thickness has been neglected in our analysis (equations 5, 6 ). This is justified as long as the horizontal pressure gradient remains much larger than the vertical pressure gradient (ΔPðxÞ∕L ≫ ΔPðyÞ∕2h; Figure 23 ). The vertical pressure gradient resulting from the increasing salt weight with density ρ SALT (2200 kg∕m 3 ) and gravity acceleration, g (9.81 m∕s 2 ), is 
This vertical pressure gradient will not perturb Couette-Poiseuille flow when relatively thin and long salt sheets are considered (L ≫ x). The thin-sheet approximation holds as long as the horizontal pressure gradient ΔPðxÞ∕L is much larger than 22 kPa∕m (3 psi∕ft). Our example in the CouettePoiseuille flow section had a horizontal pressure gradient ΔPðxÞ∕L = 100 kPa∕m (14.5 psi∕ft). The relative importance of vertical and horizontal pressure gradients in salt sheets has been previously highlighted by Gemmer et al. (2004 Gemmer et al. ( ), (2005 .
When the vertical pressure gradient becomes large enough to perturb the horizontal gradient, the pressure potential driving the Poiseuille flow may have a symmetry axis slightly inclined to the boundary of the salt sheet. This effect may lead to asymmetric Poiseuille flow profiles, explaining the curvature of the isotropic surface in Figure 18C . In contrast, pure Couette flows are not sensitive to any lateral pressure gradient. Thus, any vertical pressure gradient will not affect Couette flow as long as the upper boundary of the salt is not deforming. The model of Figure 9 showed an example of PoiseuilleCouette flow with a deforming interface between the salt and the overburden. The component of vertical thickening where the salt moves into diapiric ridges imposes oblique pressure gradients, which increase as the ridges rise further. Eventually, flow separation will occur.
Seismic depth migration near salt structures will become more accurate when the effects of shear stress are included in the seismic velocity field that is used to image near-salt and subsalt structures. Salt bodies that are still actively flowing have strongly preferred crystal orientations. This fabric can induce shear-wave velocity anisotropy having as much as 20% difference between fast and slow shear-wave velocities (Sun et al., 1991; Sun, 1994) . If this seismic drift is estimated ahead of drilling through the base of salt, subsalt pore pressure can be more reliably estimated on the basis of P-and S-wave modeling of effective stress (Sayers et al., 2002; Atkinson and Davis, 2011 ).
Without such data, in-salt drilling will remain fraught with risks such as stuck drill string and casing collapse, particularly at salt exit. The resolution of subsalt seismic images will also improve if the velocity anisotropy of salt bodies is considered (Landrǿ et al., 2011) .
Seismic velocity anomalies can be further enhanced by factors other than salt-induced stress anomalies. Increasing confining pressure tends to reduce rock porosity with depth, causing P-and S-wave velocities to increase near salt domes. However, fluid overpressure at depth keeps pores open, slowing P-and S-waves (Han et al., 1986) , as does fluid saturation (Tosaya, 1982; Clark, 1992) . Seismic anisotropy also arises because of thin layers of kerogen (Vernik and Nur, 1992) , fine-scale layering (Vernik and Liu, 1997) , and preferred fracture orientation (Nur, 1969; Lockner and Byerlee, 1977) .
CONCLUSIONS
This study systematically analyzes and evaluates the pressure and stress peaks that may affect wells drilled in flowing salt sheets. Sources of wellbore stresses in salt are as follows:
• Elastic wellbore stresses, which are described in classical equations for drilling operations (e.g., , are instantaneously applied on wellbores. The far-field stress in horizontal sections through the wellbore is mainly caused by lithostatic load of the host rock but may be enhanced by superposed creep stresses.
• Ductile-creep stresses, which are related to tectonically flowing salt and may produce additional instantaneous stress on the wellbore and casing. Maximum shear stresses in the vertical plane are analyzed in our study.
Developing methods to establish whether a specific salt structure is pre-, syn-, or post-stress-peak time is an important goal. Given the risks and costs of drilling, estimations of peak-stress zones in salt bodies are valuable for well planning. Tools and methods to tackle this question are urgently needed to assess, before drilling, whether a salt body is still moving and at what rate. This assessment could use a combination of analytical, numerical, and physical laboratory models to guide interpretations of the saltflow dynamics for a specific target. Such models should be built into the workflow as outlined in the closed-loop model of Figure 1 . Figure 24 summarizes the four basic flow types we analyzed. Knowing or estimating the flow type helps to identify the depth of the isotropic surface inside flowing salt sheets and at what depth the maximum shear stresses occur. Depending on the type of flow analyzed, this shear stress ranges between negative and positive values and acts in opposite directions separated by an isotropic plane ( Figure 24B-D) . The isotropic plane marks the depth at which shear stress reverses, which affects wellbore stability. The wellbore trajectories suggested are designs to reduce shear-stress impacts on the wellbore. This is only one factor in well planning but helps to focus on zones where creep-induced shearstress peaks. The Couette-Poiseuille (CP) number (defined in equation 27 of Appendix 2) includes simple, measurable parameters to constrain the depth of isotropic planes from estimates of the CP number. Predrill and postdrill exploration of target zones will further reveal inaccuracies in seismic depth migration near salt bodies because of anisotropic velocities caused by salt-induced stress deviations.
Stress trajectories and zones of viscous stress peaks in autochthonous and allochthonous salt layers should be mapped routinely during well planning, in addition to the traditional analysis of elastic stresses and the determination of safe mud-pressure windows for controlling wellbore stability. Table 2 summarizes the potential wellbore effects for a range of flow mechanisms observed in salt bodies. Figure 25 shows examples of natural salt sheets and the flow types identified in Table 2 . Figure 25 can be used to predict the likely flow type in a specific salt sheet. This typology leads to the hints in Further study needed.
*
Closure profiles of open wellbores in creeping salt sheets . ** Drag forces on cased wellbores in moving salt sheets (Weijermars et al., 2014) . † Borehole stress perturbation zones and wellbore stability . Table 2 for assessing the potential wellbore impact of flow. Further study is needed to advance our knowledge of salt creep for the typical suite of salt-flow types and halokinetic structures in representative salt basins around the world (e.g., Gulf of Mexico, Angolan margin, Brazilian margin, Levant, and Zechstein basins). Tools and methods to monitor salt flow include the following: analysis of caliper data on wellbore closure rates, salt-microstructure analysis and paleopiezometry , salt movement with interferometric synthetic aperture radar (InSAR), and field studies of horizontal and vertical surface displacements (Talbot et al., 2000; Pe'eri et al., 2004; Weinberger et al., 2006; Aftabi et al., 2010) . Additionally, heterogeneous deformation of evaporite interlayers can help to constrain the type of flow on seismic sections (Cartwright et al., 2012) .
APPENDIX 1: SALT RHEOLOGY
We assume a realistic salt rheology is not only vital for numerical and analytical modeling of salt tectonics, but also crucial for predrilling planning to optimize wellbores through salt layers. Rocks are not true fluids, but can flow by crystalline creep over geologic time scales. Their effective viscosity follows from the relationship between stress and strain rate. The effective viscosity, η eff , of creeping salt follows the general power-law fluid expression
The stress exponent, n, corresponds to the slope of the stress-strain rate curve in log-log space during steady-state creep, using as inputs the shear-stress, τ XY , and shear-strain rates, _ e XY ( Figure 26A ). Salt rheology ranges from Newtonian solution-precipitation creep to various types of non-Newtonian power-law creep (Carter and Heard, 1970; Urai et al., 1986; Spiers et al., 1990; Carter et al., 1993; Ter Heege et al., 2005a, b; Desbois et al., 2010) . Exponents less than 1 indicate shear thickening, but this rheology does not apply to rock salt. Nonsteady dynamics caused by inertial effects (like turbulence) cannot occur in the highviscosity salt medium, so all salt flow is laminar.
The effective viscosity of halite rock varies with the deformation mechanism. Halite salt bodies may deform by a combination of dislocation creep and solution-precipitation creep. The total strain rate is equal to the sum of the strain rates for each mechanism. To illustrate this, van Keken et al. (1993) combined a flow law for solution-precipitation from Spiers et al. (1990) with a flow law for dislocation creep on the basis of rock salt from Asse diapir (Germany) and West Hackberry diapir (Louisiana) in the temperature range of 20°C to 160°C. Below a strain rate of about 10 −12 s −1 , the viscosity of fine-grained salt (5 mm; 0.2 in.) becomes Newtonian (independent of strain rate) because solution-precipitation creep dominates ( Figure 26B (10 mm; 0.4 in.), the viscosities are an order of magnitude higher ( Figure 26B , right panel). Still higher viscosity ranges occur for coarse-grained (30 mm; 1.18 in.) salt; at a strain rate of about 10 −14 s −1 , dislocation creep dominates with an effective viscosity of 10
19 Pa s at 160°C to more than 10 20 Pa s at 20°C. Thus, increasing grain size from 5 to 30 mm (0.2 to 1.18 in.) makes rock salt more than 100 times stiffer. At strain rates faster than 10 −13 to 10 −12 s −1 , the dominant salt-flow process is dislocation creep, which has a power-law rheology (n > 1).
These viscosity values are higher than previously assumed by some modelers of salt tectonics, but are supported by Weinberger et al. (2006) , who calculated a viscosity of 2-3 × 10 18 Pa s for the rise of Mt. Sedom diapir (Israel), on the basis of uplift rates measured by InSAR and applicable to the last 14,000 yr. The steeper western side of the diapir rises faster than the eastern side, so the western side may deform by a shear-thinning mechanism instead of the Newtonian one analytically modeled by Weinberger et al. Diapiric viscosities assumed for modeling purposes or calculated by modeling by numerous other authors were compiled by Mukherjee et al. (2010) . The diapiric range of viscosity (10 18 to 10 19 Pa s) is much higher than in extremely fine-grained, mylonitized salt in the distal reaches of salt glaciers (Talbot, 1998; Schléder and Urai, 2007) , where viscosity may be locally as low as 10 15 Pa s.
Because effective viscosity during solution-precipitation creep is proportional to the cube exponent of grain size, deformation concentrates in the finer layers, which tend to evolve into mylonitic shear zones. During dynamic recrystallization, grains nucleate, and grain boundaries migrate into grains of high strain energy. The new grains are initially strain free but gradually work-harden during crystalline creep. When flow slows, they recrystallize and soften again. In this way, older signs of strain are continually erased, so the grains record only the latest stages in their strain history. As a result, deformed salt is said to have a short strain memory (Talbot and Jackson, 1987) . Dynamic recrystallization is activated thermally when intracrystalline recovery processes are too slow to balance strain-induced hardening (Fossum and Fredrich, 2002) .
The internal stratification defined by grain-size variation and mineralogical changes inside natural salt bodies may cause enormous viscosity contrasts between salt layers. Even within pure halite rock salt, strain rates may vary greatly. The displacement rates and strain rates of buried salt sheets, emergent diapirs, and buried diapirs have distinctly different tectonic drivers, but they all overlap in a region centered on a strain rate of 10 −14 s −1 (Figure 27 ). This strain rate is also typical of orogeny, as evidenced by strain analysis (Pfiffner and Ramsay, 1982) . Orogenic mylonites have rates faster than 10 −14 s −1 , and salt-tectonic mylonites in salt glaciers deform even faster. Displacement rates for a range of typical natural salt tectonic structures are included in the top margin of Figure 27 . A typical tectonic salt-flow rate is U 0 = 1 km ð0.62 miÞ∕m:y: = 3.17 × 10 −11 m∕s. For buried salt sheets, typical rates of advance are 1 to 10 km ð0.62 to 6.2 miÞ∕m:y. For emergent salt glaciers, the rates are 100 to 1000 km ð62.14 to 621.37 miÞ∕m:y. For the rise of buried diapirs, peak rates of 1 km ð0:62 miÞ∕m:y: are appropriate.
The viscosity estimates given above for halite may not apply to impure rock salts, which have relatively higher effective viscosities. The Hormoz salt (Iran) is an example of such a highly impure salt: it contains oxides of sodium, magnesium, aluminum, . Salt stiffens when it moves to shallower depths because salt viscosity is sensitive to temperature; the effect is graphed for temperature falls from 160°C to 20°C. At high strain rates, dislocation creep dominates, and viscosity decreases as strain rate increases. At low strain rates, solution-precipitation creep dominates, and viscosity is constant (modified from Van Keken et al., 1993) .
silicon, potassium, calcium, iron, and anhydrides (Bruthans et al., 2009; Talbot et al., 2009a, b; Mukherjee et al., 2010) . Also common in Hormuz diapirs are inclusions of sedimentary (sandstone, limestone, dolostone, shale, siltstone), igneous (rhyolite, andesite, ignimbrite, trachyte, granite, gabbroic rocks, and tuff), and metamorphic rocks (schist, gneiss, metabasite, and quartzite), with sizes ranging from less than 1 mm (0.04 in.) to as much as 2 km (1.2 mi) (Jahani et al., 2007) . Salt this impure is likely to have a viscosity very different from that of experimentally deformed pure salt. Solid inclusions will increase the bulk viscosity of the salt body, but interbeds of weaker potash salts decrease the viscosity, especially if the salt is deformed mostly by shear zones concentrating in these weaker salts (see main text for shear stresses in mechanically stratified salt layers).
A summary with estimations of effective viscosities for a range of natural evaporite rocks is given in Table 3 . However, the flow of anhydrite, gypsum, and salts like carnallite, bischofite, and sylvite under salt-tectonic conditions (slow strain rates and traces of water) is far less well understood than for halite.
From this summary of salt rheology, we can quantify the viscoelastic relaxation times for salt creep near wellbores. Salt behaves as an elastoplastic solid on short time scales but responds elastically when penetrated by a drill bit (in 10 0 to 10 3 hr). On tectonic time scales (10 0 to as much as 10 8 yr), salt behaves viscoelastically and deforms by crystalline solid-state creep. In viscoelastic salt, initial elastic stresses on the wellbore will decay at a rate approximated by a linear Maxwell model. The relaxation rate of elastic stresses, σ 0 , is given by σðtÞ∕σ 0 = expð−Et∕ηÞ (23) Figure 28 plots the decay rate of elastic stresses in rock salt, using a well-constrained Young's modulus (E) for halite of 3 GPa (435,113 psi) (Liang et al., 2007) , and a range of effective Figure 27 . Whether expressed as displacement or strain, the rates of salt flow vary over five to seven orders of magnitude from the fastest (advance rate of subaerial salt glaciers) to the slowest (rise rates of buried salt diapirs). Dots show the mean value for each of the four types of salt structures; boxes show range for each, omitting two data points that are far outliers. Compiled from numerous data sources.
viscosity values (10 16 -10 18 Pa s). The original elastic stress σ 0 in the rim of the wellbore dissipates by viscous creep after the instantaneous elastic deformation of the wellbore induced by drilling.
The decay of the normalized elastic wellbore stress to just 7% of its initial value takes 100 days for a salt of effective viscosity 10 16 Pa s and 1000 days for 10 17 Pa s. For salts of 10 18 Pa s and higher, the elastic stress relaxation to 7% requires at least 10,000 days (∼27 yr). The 7% cutoff is arbitrary but gives a round number. If no cutoff value is taken, the stress decay takes infinitely long. For 10 19 Pa s, it will take centuries for elastic wellbore stresses to disappear (below 7% of the peak value) by crystalline creep. The important conclusion is that before elastic stresses relax, wellbores are subjected to both elastic stresses (e.g., Kirsch, 1898; Zoback, 2008) and the additional salt-creep stresses; the latter are quantified in our study.
APPENDIX 2: BASAL TILT EFFECTS ON SALT-SHEET FLOW
Our analysis below considers the relative importance of internal flow types when salt sheets on a slope are covered by an overburden of varying thickness. A Poiseuille flow profile applies when salt is overlain by a thin overburden (H ≪ h) ( Figure 29A) . Conversely, below a thick overburden (H ≫ h), salt has a Couette-Poiseuille flow profile between two no-slip boundaries ( Figure 29B ). Couette flow is a pure end member that is probably rare in nature but would be a contributing effect below any translating overburden.
The relative importance of overburden (Couette) glide and Poiseuille flow in tilted salt sheets is quantified in the following analysis. Any tilt (α) of the base of a salt sheet creates a pressure gradient equal to ρ SALT g sinα (Pa/m). Assuming a salt sheet is infinitely long relative to its thickness (2h∕L → 0), a tilted salt layer below an overburden of negligible thickness (H∕h → 0) will Höfer (1958) * See Wagner and Jackson (2011) ; viscosities are highly dependent on grain size, strain rate, and temperature. ** Calculated as 27 times more viscous than halite with viscosity 1 × 10 18 Pa s. move only by Poiseuille flow maintained by a pressure gradient given by ( Figure 29A ):
The shear-stress magnitude across the Poiseuille flow in the salt layers (equation 6) is then given by (valid for h > y > −h):
The maximum shear stresses, τ XYMAX , during Poiseuille flow are at the top and the base of the salt (for y = h and y = −h) and are zero at its mid-depth.
If the overburden is thick (H∕h ≫ 0) and detaches over the shearing salt because of its weight, a superposed Couette flow in the salt imposes a (constant) shear stress ( Figure 29B ):
The shear-stress ratio expressing the relative importance of the two shear-stress mechanisms (caused by Couette flow and Poiseuille flow, respectively) in the salt sheet is determined by the ratio of equations 25 and 26 (using y = h for equation 25 and only valid for α > 0): τ XY ðHÞ∕τ XY ðhÞ = ðρ OVERBURDEN ∕ρ SALT ÞðH∕hÞ = CP (27) We term this ratio the Couette-Poiseuille (CP) number. It is obvious from equation 27 that for CP ≫ 1, Couette flow dominates; similarly for CP → 0, Couette contribution to the flow is negligible. Long, thin salt sheets (2h∕L → 0) below thick overburdens (H∕h ≥ 0) are subject to gravity-driven flow in the salt body in which Couette flow dominates over Poiseuille flow. The total shear stress for the superposed flows is always greatest at the base of the salt layer. Salt on a slope with no overburden would move downslope like a salt glacier with open-channel flow (as shown by Figure 8 ).
These quantitative insights on gravity-driven flow are germane to establish the relative importance of the various driving mechanisms for salt tectonics in salt sheets. A historic review and critique of the terms "gravity gliding" and "gravity spreading" is given by Schultz-Ela (2001) . In gravity gliding, a viscous fluid creeps down an inclined surface and undergoes open-channel Poiseuille flow. In gravity spreading, distal flow up an inclined surface is driven by proximal subsidence. Note that both cases illustrated include elements of gravity spreading. The distinction between gravity spreading and gravity gliding is, in our opinion, gradational if both end members are interpreted, as we suggest, as flows typical of salt sheets with internal lateral pressure gradients. Brun and Fort (2011) compared dominant gravity gliding as a result of basal tilt with pure gravity spreading. They opined that gravity gliding is more effective than gravity spreading because the enhanced shear stress activates the overburden faults required to induce the (Couette) flow component in the salt layer below. This contention triggered a lively debate Rowan et al., 2012b) .
Our analysis of the CP number shows that the balance between gravity gliding and gravity spreading is determined by the relative importance of (1) shear stress imposed by Couette flow driven by the overburden on the salt top and (2) the shear stress resulting from gravity-caused lateral pressure gradients inside the salt (equation 27). For salt sheets flowing without overburden, the open-channel flow profile dominates (CP = 1), which may occur in both gravity gliding and gravity spreading. If a translating overburden superposes Couette flow, the CP number will be larger than 1, which may be more common in gravity gliding salt sheets with overburdens but is also seen in horizontal salt sheets with overburdens stretching toward the open-toed end (Figure 9 ). Such vertical thinning and lateral extension is termed gravity spreading in geoscience literature, but our Figure 2E shows that such spreading may occur by a combination of squeezing flow and open-channel (Poiseuille) flow. In any particular natural example, different components of Couette, Poiseuille, and squeezing flow may drive the flow of the salt sheets, as is evident in Figures 2 and 9 . Depending on local conditions, any of these specific flow modes may dominate flow in the salt sheet. These conditions may rapidly vary laterally, as shown in the case studies for Couette-Poiseuille and squeezing flow discussed in the main text. For this reason, we agree with Schultz-Ela (2001) that trying to weigh the relative dominance of gravity gliding and gravity spreading in general models of salt tectonics is arguably a sterile exercise. 
